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Abstract
The most recent groundwater simulation programs can consider various types of boundary conditions as well as
the anisotropy and heterogeneous nature of aquifer systems, but, in fact, it is difficult to input reliable parameter sets
into the model by aquifer unit and by area. Particularly in developing countries, shortages of essential hydrogeologic
data are often observed in the areas where severe groundwater problems occur. The author studied the methodology
of practical parameter estimation ba!ied on hydrogeological classification and analysis of aquifer characteristics, con-
sidering the physical meanings of geohydrologic parameters and their geologic controls. The practical parameter
estimation was applied to the Bangkok Groundwater Basin in Thailand to construct a three-dimensional groundwater
flow and a land-subsidence model for groundwater management and land-subsidence control.
At first, detailed and integrated hydrogeological investigations, including core boring and core sample analyses,
were carried out to confirm the subsurface hydrostratigraphy. Based on the hydrogeological classification established
at three drilling sites in the suburbs of Bangkok City, the classification was expanded to the entire Bangkok Groundwa-
ter Basin by use of existing reliable lithologic data and geophysical logs recorded at existing monitoring wells and
some production wells. The top and bottom elevation maps and isopach maps of each aquifer unit were then drawn.
The values of specific capacity were obtained from well production tests of existing wells. The apparent transmissiv-
ity values were estimated, based on the relationship between transmissivity and specific capacity. Then the hydraulic
conductivity of the aquifer facies in each aquifer unit was computed by considering screen length of the well. The
distribution of transmissivity of aquifer facies by aquifer unit was estimated, based on the prepared clay content map
and isopach map of each aquifer unjt.
The results of three-dimensional groundwater flow simulation and vertical two-dimensional simulation show that
the estimated parameter values are reasonable by comparing the simulated piezometric heads with the actual heads.
The practical parameter estimation method helped particularly to calibrate the three-dimensional model, because the
model requires a complex of parameter sets. This estimation method can be easily applied to other areas for appropri-
ate groundwater-basin management.
Key words: Parameter estimation, Groundwater modeling, Hydrogeological classification, Transmissivity, Ground-
water management
1. Introduction
Groundwater is an important source of water supply
throughout the world. Groundwater utilization in most de-
veloping countries increases year by year due to rapid growth
of population, increase of per capita water consumption, and
industrial and agricultural developments. Particularly in ma-
jor cities such as Bangkok and Jakarta, groundwater resources
have been intensively exploited, but proper groundwater
management measures have not been employed, in most in-
stances. Therefore, severe groundwater hazards, such as the
decline of groundwater levels, land subsidence and saline
water intrusion can be found in many places in developing
countries.
In the 1950's and 1960's, severe decline of groundwater
levels and subsequent land subsidence occurred in various
parts in Japan due to rapid increase of groundwater yield.
The damage caused by land subsidence became a big social
problem and land subsidence was treated as one of the public
nuisances in the 1970's. Although a legal measure, known as
the "Industrial Water Law", was established in 1956, the law
could not control groundwater hazards because of the poor
concept of groundwater conservation; it was based on well
management without groundwater-basin management.
The concept of groundwater-basin management was de-
veloped in the 1960's by a group of researchers and engineers
of private consultant companies and the central and local
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governments (Research Group for Water Balance, 1973).
They recognized that the management of individual wells was
no longer effective in order to solve the various groundwater
hazards, because the hazards were caused by not only well
interference but also by changes of regional dynamic ground-
water flow systems. Therefore, the groundwater engineers
cooperated with Quaternary geologists in studying the basin-
wide spatial distribution of aquifer systems as well as trying
to understand the hydrogeologic characteristics in each aqui-
fer unit.
Further, a computer simulation technique was introduced
to the field of groundwater science since the 1960's. The
simulation technique greatly helped to examine groundwater
balance and to understand the dynamic behavior of ground-
water flow in groundwater basins. In addition, a groundwa-
ter-monitoring system was developed and it covered major
parts of Japan. In this way, groundwater management based
on hydrogeological studies and simulation studies has been
developed in Japan, and this has contributed to the conserva-
tion of precious groundwater resources in Japan.
In recent years, the microcomputer technology and
groundwater simulation programs have been highly devel-
oped. Even a small notebook-type computer has the capabil-
ity to execute complicated three-dimensional groundwater
simulation. Several user-friendly simulation programs have
also been developed, and the users can run the programs with-
out the knowledge of both detailed numerical solution tech-
niques and complicated computer languages. However, this
does not mean that the reliability of computer simulation has
been improved. What is needed is knowledge of how to con-
struct an appropriate groundwater model considering actual
hydrogeological settings, and how to assign reliable input
parameters and proper boundary conditions, based on the
hydrogeological interpretation. To increase the reliability of
simulation studies, the role of hydrogeological investigation
should be emphasized.
Although the necessity of groundwater simulation stud-
ies is, in general, recognized by engineers and scientists con-
cerned, it is hard to work out detailed simulation studies,
mainly due to the shortage of hydrogeologic data in many
developing countries. It is also difficult to obtain accurate
hydrogeologic data by test drilling and pumping tests because
of economic constraints. In this situation, parameter estima-
tion techniques must be important and they have been stud-
ied by many researchers. The parameter estimation techniques
can be approached from two methodologies. One is a theo-
retical using mathematical and geostatistical approaches. The
other is a practical approach, which utilizes limited existing
data in considering actual hydrogeological conditions
(Shibasaki, 1989).
In this paper, the author reviews groundwater modeling
and its role for groundwater-basin management, and describes
the methodology and results of practical parameter estima-
tion for groundwater modeling, based on the hydrogeological
study in the Bangkok Groundwater Basin, Thailand. This
will be helpful, particularly in developing countries, where
urgent measures are needed to tackle various groundwater
problems.
2. Groundwater Modeling
2.1. Concept of groundwater modeling
A groundwater model represents an approximation of a
field groundwater situation. Not only in the field of ground-
water hydrology but in other various fields, successful mod-
elers understand the science behind the models they use, and
have considerable experience in applying models to practical
problems. Because the occurrence of groundwater is gener-
ally invisible and the velocity of groundwater flow is much
smaller than that of surface water, studies of groundwater
under both natural and artificial conditions have employed
modeling techniques.
As Anderson and Woessner (1992) summarized, ground-
water models can be divided into physical models and math-
ematical models. Physical models, such as sand tanks in labo-
ratories, can simulate groundwater flow directly. Mathemati-
cal models simulate groundwater flow indirectly by means
of a governing equation considered to represent the physical
processes that occur in the system, together with equations
that descri be heads or flows along the boundaries of the model.
Mathematical models can be solved analytically or numeri-
cally.
For mathematical models, the groundwater system and
surrounding systems should be divided into several sub-
systems. For instance, the groundwater in a groundwater ba-
sin is classified into shallow, unconfined groundwater and
deep, confined groundwater. The aquifer system is also sub-
divided into several aquifer units, such as aquifer, aquiclude,
aquifuge, and aquitard. Further, the characteristics of each
aquifer unit are expressed by several parameters. For ex-
ample, the ability of an aquifer to transmit water is described
by its transmissivity, which can be obtained by the thickness
of aquifer multiplied by its hydraulic conductivity. There-
fore, a mathematical groundwater model includes a set of
boundary and initial conditions as well as a site-specific nodal
grid and site-specific parameter values and hydrologic
stresses.
Most groundwater modeling efforts are aimed at predict-
ing the behavior of groundwater flow against a proposed ac-
tion. This is the reason why groundwater simulation plays an
important role in groundwater management. However, the
predictive models require detailed model calibration. Be-
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cause, if a model cannot imitate actual groundwater flow sat-
isfactorily, prediction results from the model may have less
reliability. Thus, groundwater modeling and calibration works
requi re integrated knowledge of geology, hydrogeology, phys-
ics, chemistry, biology, and social science, such as the eco-
nomic factors.
where Tand S are the aquifer transmissivity and storage co-
efficient, respectively, Q is the net external inflow, h is head,
and t is time.
In Japan, Shibasaki et al. (1969) prepared a similar model,
and the groundwater level under the Musashino Terrace was
predicted. In this model, the term of leakage from an uncon-
fined aquifer through the upper confining layer was added to
equation (1) to take into account leakage recharge.
In the 1970's, the quasi three-dimensional aquifer model
(Kamata et aI., 1973) was developed to tackle land subsid-
ence problems occurring in various parts of Japan. This model
took into account the leakage from the upper unconfined aqui-
fer and the squeeze from the confining layer to the main con-
fined aquifer. The model assumed that the groundwater flow
in the main aquifer was a horizontal, two-dimensional flow,
whereas that in the confining clayey layer was a vertical, one-
dimensional flow, based on the leakage theory presented by
Hantush (1960). According to Terzaghi's one-dimensional
consolidation theory, the vertical, one-dimensional flow is
2.2. Development of groundwater models
1) History
The studies of groundwater flow have employed a vari-
ety of types of models. Todd (1980) categorized groundwa-
ter models into porous media models, miscellaneous analog
models, electrical analog models, and digital computer mod-
els, for the numerical solution of aquifer flow equations.
The digital computer models have been developed since
the mid-1960's, when digital computers with adequate ca-
pacity became generally available. The first numerical simu-
lation of a groundwater flow regime was prepared by Tyson
and Weber (1964), and that was applied to the study of the
groundwater basin under the coastal plain near Los Angeles,
California.
The groundwater model used by Tyson and Weber (1964)
was a horizontal, two-dimensional groundwater-flow model,
which used the finite-difference method, based on dividing
the aquifer into a grid and analyzing the flows associated
within a single zone of the aquifer. Based on the equation of
continuity and Darcy's law, the following equation was pre-
sented to express horizontal, two-dimensional groundwater
flow:
~(T~)+~(T~)-Q = s~ax ax ay ()y at (1)
the result of the settlement due to consolidation. The quasi
three-dimensional aquifer model has greatly helped establish
measures for groundwater-basin management and land-sub-
sidence control in Japan by calculating the groundwater flow
as well as the extent of land subsidence.
Since the middle of the 1970's, land subsidence accom-
panying the extraction of natural gas from deep layers be-
tween 400 to 2,000 m below ground level became a serious
problem in the Tokyo and Chiba areas. The quasi three-di-
mensional aquifer model could hardly identify the change of
the piezometric head in the natural gas-brine reservoir with
multi-layered geological structure, or the land subsidence
caused by layer compaction. Hence, a groundwater model
based on a geological section capable of depicting the phe-
nomena of changes in deep layers was developed (Kamata et
aI., 1976). This model was termed as a vertical two-dimen-
sional multiple aquifer model. In such a hydrogeological set-
ting, the groundwater flow is three-dimensional, but based
on an operative hypothesis that "in deep aquifers where the
hydraulic conductivity is small, there is much squeeze and
vertical (Z-direction) flow through clay layers," a model of
theX-Z cross section was prepared.
From the late-1970's, the quasi three-dimensional aqui-
fer model was developed into a quasi three-dimensional multi-
aquifer model. This model represents a multi-layered ground-
water basin, and a flat piezometric head distribution can be
finely calibrated (Fujinawa, 1977; Fujisaki et aI., 1979).
As computer technologies became highly developed in
the 1980's, complicated groundwater simulation programs
were able to run even in personal computers. In the late 1980's,
a full three-dimensional groundwater flow model was devel-
oped by the U.S. Geological Survey (McDonald and
Harbaugh, 1988). This model was termed as MODFLOW,
which can simulate three-dimensional groundwater flow us-
ing a block-centered finite-difference approach. MODFLOW
consists of the main program and a series of highly indepen-
dent subroutines known as modules. The MODFLOW pro-
gram is said to be widely used in the world; it is well docu-
mented, and available for personal computers at nominal cost
(Anderson and Woessner, 1992).
2) Purposes
The purposes of groundwater models have been changed
over time. In the 1960's, the groundwater models were used
to study groundwater balance and horizontal, two-dimensional
groundwater flow for management of groundwater resources
in groundwater basins. In the early 1970's, the horizontal,
two-dimensional model progressed to the quasi three-dimen-
sional aquifer model so as to predict future piezometric head
as well as land subsidence by determining leakage and
squeeze.
In order to clarify deformation of deep strata and regional
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where ""-b is change in thickness, positive for compaction and
where, ""- 5 is soil consolidation, m. is the coefficient of vol-
ume compressibility at loading, b is thickness of soil, and ""-p
is change in consolidation load. The rebound at unloading
can be calculated by:
W is a volumetric flux per unit volume and represents
sources and / or sinks of water (T -I);
5s is the specific storage of the porous material (L-1);
and t is time (T).
In general, 5s, Kxx, Kyy, and Kzz may be functions of space
(5s =5s (x. y. z), Kxx =Kxx (x. y, z), etc.) and W may be a
function of space and time (W =W(x, y, z. t)); equation (2)
describes groundwater flow under nonequilibrium conditions
in a heterogeneous and anisotropic medium, provided the
principal axes of hydraulic conductivity are aligned with the
coordinate directions.
2) Land subsidence model
The land subsidence models use the consolidation theory
to compute land subsidence. The compression of soil can be
obtained by:
(3)
(5)
(4)D..S = m;' b· D..p
where, m.' is the coefficient of volume compressibility at
unloading. In this case, Llp should have a negative sign so
that Ll5 also shows a negative value. The value of Llp can
be obtained from the computed piezometric heads. From
equations (3) and (4), consolidation or rebound at a period
between two time steps is computed.
This consolidation theory has been used for groundwater
flow models such as the quasi three-dimensional aquifer
model (Kamata et aI., 1973), the vertical two-dimensional
multiple aquifer model (Kamata et aI., 1976), and the quasi
three-dimensional multi-aquifer model (Fujinawa, 1977;
Fujisaki et aI., 1979). In these models, movement of ground-
water flow in confining layer(s) is assumed to be vertically
one dimensional.
In the latest version of MODFLOW, the Interbed Storage
Package (Leake and Prudic, 1988) can simulate elastic and
inelastic compaction of compressive fine-grained beds due
to groundwater extraction. The term "interbed" is used to
denote a poorly permeable bed within a relatively permeable
aquifer. For a confined aquifer, the Interbed Storage Pack-
age (IBSl Package) assumes that elastic compaction or ex-
pansion of sediments is proportional or nearly proportional
to change in hydraulic head in the aquifer. The IBS 1 Pack-
age uses the following equation to calculate the change in
thickness:
2.3. Present status of groundwater models
1) Flow model
Groundwater flow in a groundwater basin is, by nature,
three-dimensional.
MODFLOW, which is widely used for groundwater flow
simulation throughout the world, uses the following partial-
differential equation to describe the three-dimensional move-
ment of groundwater of constant density through porous earth
material (McDonald and Harbaugh, 1988):
a ( ak ) a ( ak ) a ( ak )ax Kxx ax +a:y Kyya:y +& Kzz& - W
= Ss ~~ (2)
where
Kxx, Kyy, and Kzz are values of hydraulic conductiv-
ity along the x, y, and z coordinate axes, which are
assumed to be parallel to the major axes of hydraulic
conductivity (LT -I);
h is the potentiometric head (L);
vertical groundwater flow systems, the vertical two-dimen-
sional multiple aquifer model was developed in the middle
1970's. In the late 1970's, the quasi three-dimensional multi-
aquifer model was developed for predicting future land sub-
sidence, and it was also used for groundwater basin manage-
ment.
From the 1980's, several simulation studies, using a mass
transport model, were carried out to tackle groundwater con-
tamination problems by saline water intrusion in Japan. In
the U.S.A., an advection-dispersion solute transport model
[Elled MOC, which uses the method of characteristics to solve
the advection-dispersion equation, was developed by the U.S.
Geological Survey (Konikow and Bredehoeft, 1978). From
the late 1980's, MOC has been applied to several specific
problems in Japan.
To simulate three-dimensional groundwater flow,
MODFLOW was developed by the U. S. Geological Survey
(McDonald and Harbaugh, 1988), and it has been widely used
in various types of groundwater problems since the early
1990's. Based on the computed heads from MODFLOW, a
three-dimensional particle tracking code named MODPATH
(Pollock, 1988, 1989) was developed to trace movement of
particles in a modeled domain. For three-dimensional solute
transport simulation, Zheng (1990) developed a program code
termed as MT3D, which uses computed head distribution from
MODFLOW. To simulate density-dependent flow such as
saline water intrusion, MOCDENSE (Sanford and Konikow,
1985) was developed, based on the flow and solute transport
code of MOe. MOCDENSE is a vertical two-dimensional
finite-difference model for saturated conditions.
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negative for expansion;!'J.h is change in hydraulic head, posi-
tive for increase; Sske is the skeletal component of elastic spe-
cific storage; bo is the thickness of the interbed; and Sfe is the
specified elastic storage factor. When compressive fine-
grained sediments are stressed beyond a previous maximum
stress (preconsolidation stress), compaction becomes inelas-
tic. Then, the lBS I Package uses the following equation to
calculate the approximate compaction !'J.b*:
where Sskv is the skeletal component of inelastic specific stor-
age and SJv is the specified inelastic storage factor.
3) Solute transport model
To solve groundwater contamination problems, solute
transport models were developed. The governing equation
for solute transport, known as the advection-dispersion equa-
tion, can be written as follows (Konikow and Bredehoeft,
1978):
aCIl = ~(D aCIl ) -~(C V) _ Cli' W (7)
at aXi I] aXi aXi II! f.
where
Dijis the coefficient of hydrodynamic dispersion (a sec-
ond order tensor) (UT-I);
Vi is the seepage velocity in the direction of Xi (LT- 1);
en is the concentration of the nth constituent (ML,3);
C'n is the concentration of the nth constituent in the source
or sink fluid (ML,3);
and
€ is the effective porosity (dimensionless).
The basic concept of the solute transport model is that
the groundwater flow is computed by the flow equations, and
changes in concentration are then computed using the solute
transport equation based on the computed groundwater flow.
MOC (Konikow and Bredehoeft, 1978) combines particle
tracking for advection with a finite difference of the disper-
sion portion of equation (7), using the method of characteris-
tics.
The method of characteristics uses a conventional par-
ticle-tracking technique for solving the advection term. At
the beginning of the simulation, a set of moving particles is
distributed in the flow field either randomly or with a fixed
pattern. A concentration and a position in the Cartesian coor-
dinate system are associated with each of these particles. Par-
ticles are tracked forward through the flow fields using a small
time increment. At the end of each time increment, the aver-
age concentration at cell due to advection alone over the time
increment is evaluated from the concentrations of moving
particles which happen to be located within the cell.
Zheng (1990) developed a three-dimensional particle
tracking code MT3D with dispersion that is compatible with
!'J.b* = -l1h' S . b = -l1h' Ssku 0 fu (6)
MODFLOW. The MT3D solute transport model can be used
to simulate changes in concentration of single species mis-
cible contaminants in groundwater, considering advection,
dispersion, and some simple chemical reactions. The chemi-
cal reactions included in the model are equilibrium-controlled
linear or non-linear sorption and first-order irreversible de-
cay or biodegradation. Now PMWIN (Chiang and
Kinzelbach, 1996), which is a simulation system for model-
ing groundwater flow and sol ute transport, incl udi ng
MODFLOW and MT3D, can be easily used for various field
problems.
2.4. Required data for groundwater modeling
1) Hydrogeologic structure
It is very essential to understand the hydrogeologic struc-
tures of a groundwater basin for groundwater modeling.
Based on various kinds of geologic information, such as out-
crop observations, existing geological maps, lithologic records
of wells and boreholes, and geophysical loggi ng,
hydrogeological maps and hydrogeological profiles are pre-
pared. In this work, the integrated knowledge of geology is
very important in order to establish hydrostratigraphy.
After identifying aquifer units of a groundwater basin,
several kinds of structural maps are prepared. Then, a con-
tour map of the top and bottom elevations of each aquifer
unit is prepared. An elevation contour map of the
hydrogeologic basement is also prepared to define the shape
of the groundwater basin.
2) Aquifer properties
Transmissivity and storage coefficient are the basic pa-
rameters used to express aquifer properties. Any groundwa-
ter model requires transmissivity or hydraulic conductivity
and thickness of aquifer. For a quasi three-dimensional
groundwater model, it is necessary to input leakance values
of the aquiclude. For a three-dimensional groundwater model,
horizontal and vertical hydraulic conductivity should be as-
signed.
Sotute transport models require further aquifer param-
eters. Effective porosity of the aquifer is needed for comput-
ing groundwater velocity. Longitudinal and transverse
dispersivity are also required for solute-transport simulation.
3) Boundary conditions
Appropriate boundary conditions should be assigned to
the model in order to solve the governing numerical equa-
tions. There are three basic boundary conditions, namely,
no-flow boundary, constant-head boundary, and constant-flow
boundary. The no-flow boundary expresses that groundwa-
ter cannot flow across the boundary. The constant-head
boundary means that the groundwater head at the boundary
is constant throughout the simulation period. The constant-
flow boundary is assigned at a cell where constant inflow or
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(50 m zone)
(100 m zone)
(150 m zone)
(200 ill zone)
(300 m zone)
(350 m zone)
(450 m zone)
(550 m zone)
outflow occurs throughout the simulation period. These
boundary conditions greatly affect the result of simulation.
Therefore, actual hydrogeological settings should be taken
into account when assigning appropriate boundary conditions.
In the latest groundwater simulation programs, several
other boundary conditions may be specified. These are not
so strict boundary conditions compared with the above three
boundary conditions. For instance, the MODFLOW program
can assign general head boundaries. This boundary condi-
tion can be assigned to the perimeter of the groundwater
model, where the aquifer continues beyond the modeled area.
4) Recharge and discharge
Recharge and discharge are also important parameters that
control groundwater flow in the model. Recharge from rain-
fall is usually estimated using other simple methods, such as
the tank model (Sugawara, 1972). The tank model, which
treats the vadose zone as a simple tank, can compute ground-
water recharge at each time step, considering surface runoff,
loss of evapotranspiration and change in soil moisture.
The recharge from a surface water body, such as river,
pond, and paddy field, can be considered in the MODFLOW
program by specifying the water-level of the surface water
body, with hydraulic conductance of the bed's materials.
The discharge directly reflects human activities. Gener-
ally, the discharge data to be put into a groundwater model,
are prepared from a well database. The well database in-
cludes well location, and well structures, such as well depth,
screen depth, screen length, and pumpage. The pumpage data,
measured by flow meters, are generally accurate, but most
wells commonly do not have flow meters. For such cases,
the pumpage values are indirectly estimated from pump op-
eration records, pump capacity, type of users, and consumed
electricity or fuel for operating the pump. The measured or
estimated pumpage data of the well are summarized by using
a duration of stress period, such as monthly base.
After obtaining the pumpage data of each well, the aqui-
fer unites) tapped by the well is identified, based on the
hydrogeological structural maps and the well structures, con-
sidering the location of the well. The pumpage of the well is
then distributed to the tapped aquiferes). Finally, the summa-
tion of pumpage values by model cell, by aquifer unit, and by
stress period, are obtained.
3. Hydrogeological Analysis in Bangkok
3.1. Previous studies
The Bangkok Basin is situated beneath the flood plain of
the Chao Phraya River, in the Lower Central Plain of Thai-
land, and it extends southward beneath the Gulf of Thailand.
The basin is also known as the Lower Chao Phraya Basin,
which is bounded on the east and west by mountains and on
the north by small hills that divide it from the Upper Central
Plain.
Geomorphologically, the Lower Central Plain is classi-
fied into high terrace, middle terrace, old alluvial fan, young
alluvial fun, delta of brackish sediments, tidal flat of brack-
ish clays, tidal flat of marine clays, barrier, flood plain, and
tidal zone (Takaya, 1968, 1972; Thiramongkol, 1983).
The basement rock structures can be known from a few
drillings encountered to bedrock at various depths, from 350
to 1,800 m, in the central part of the Bangkok Basin (AIT,
1981). Aeromagnetic data indicate that the Lower Central
Plain is floored by basement arches and plutons in associa-
tion with a diverse assemblage of faults or flexure zones
(Achalabhuti, 1974).
About the subsurface hydrogeology of the Bangkok Ba-
sin, the Department of Mineral Resources (DMR) of Thai-
land identified and named nine aquifers within a 550 m depth,
based on logs of groundwater wells; these aquifers consist
mainly of sand and gravel separated by virtually impervious
strata of clay (Ramnarong, 1976). The topmost sediments,
15 to 30 m thick, consist of soft clay in the upper part and
stiff clay in the lower part, and are known as Bangkok Clay
(Moh et aI., 1969). After drilling about 250 monitoring wells
at about 100 monitoring stations, as shown in Figure 1, the
underlying unconsolidated deposits such as sand, gravel, and
clay are subdivided into eight principle aquifers, as follows
(Ramnarong and Buapeng, 1992):
(a) Bangkok (BK )Aquifer
(b) Phra Pradaeng (PD) Aquifer
(c) Nakhon Luang (NL) Aquifer
(d) Nonthaburi (NB) Aquifer
(e) Sam Khok (SK) Aquifer
(0 Phaya Thai (PT) Aquifer
(g) Thon Buri (TB) Aquifer
(h) Pak Nam (PN) Aquifer
3.2. Core boring
The intensive hydrogeological investigations were car-
ried out prior to the establishment of an appropriate ground-
water and land-subsidence model in the Bangkok Metropoli-
tan area. At first, core borings were conducted by JICA (1995),
to investigate subsurface hydrogeologic conditions in order
to confirm the previously established subsurface stratigraphy
by Ramnarong and Buapeng (1992), as well as to collect core
samples for core analyses and soil tests. The selected three
sites for core borings are shown in Table 1 and Figure 1.
Undisturbed samples were taken by the thin wall sam-
pler, and disturbed samples were collected by the standard
penetration test (SPT) sampler up to the depth of 50 m. Core
samples, at depths from 50 to 600 ill, were taken by using a
wireline core barrel. All core samples were carefully observed
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Figure I Location of monitoring stations in the Bangkok Metropolitan area
Table 1. Selected sites for core boring
Site name Longitude Latitude Location depth
Site-A 100·44'17"E 13·45'26"N Lat Krabang 600m
Site-B 100·37'02"E 14·04'41"N Pathurn Thani 300 m
Site-C 100"16'35"E 13"34'23"N Samut Sakhong 325 m
to prepare columnar sections, then the samples for soil tests
and core analyses were taken.
Hydrogeological classification at the three sites was made
based on the results of core observations, standard penetra-
tion tests, and geophysical loggings. To determine the aqui-
fer names based on the hydrogeological classification done
by Ramnarong and Buapeng (1992), the Ii thologic logs and
geophysical logs were compared with those of the DMR
monitoring wells (DMR, 1992) located near the sites.
3-3. Aquifer unit classification
After establishing the basic hydrostratigraphy at the three
sites, the hydrogeological successions were expanded to the
Bangkok Metropolitan area by preparing hydrogeological
profiles using the DMR monitoring wells' columnar sections
presented by DMR (1992), and existing wells' columnar sec-
tions with resistivity logs collected by JICA (1995). Six
hydrogeological profiles in a N-S direction and six profiles
in a W-E direction were prepared, along with the profile lines.
Based on the hydrogeological profiles, aquifer units and fa-
cies units were identified.
The boundaries of each formation were determined, based
on the sequence of the facies. However, the boundaries of
the deep formation could not be defined clearly because of
the scarcity of data. Based on the boundaries of the sequence,
aquifer boundaries were defined at the upper surface of the
clay beds that are the most widely distributed in the area.
3.4. Top and bottom elevation map
The top and bottom elevations of each aquifer unit were
identified at the DMR's monitoring stations and existing well
sites used in the hydrogeological profiles. Then the isodepth
maps of the top and the bottom surfaces for each aquifer unit
were prepared to cover the Bangkok Metropolitan area. Fig-
ure 2 shows the bottom depth maps of BK, PO, NL and NB
aquifers.
3-5. Isopach map
After determining the top and bottom elevations of each
aquifer, the isopach map was prepared by aquifer unit by sub-
tracting the bottom elevation from the top elevation at each
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Figure 2 Maps showing bottom depths of BK, PO, NL and NB aquifers
UTM grid, For each UTM grid, thickness of each aquifer
unit is interpolated by the Kriging method, The isopach maps
of BK, PO, NL and NB aquifers are shown in Figure 3,
4. Parameter Estimation for Groundwater Modeling
4.1. Necessity of parameter estimation
The accuracy and reliability of groundwater modeling
studies rely on how to input reliable parameters, The increase
of accuracy and reliability of the modeling studies ultimately
contributes to better groundwater-basin management.
In principle, the values of transmissivity and storage co-
efficient are determined by pumping tests, Although pump-
ing tests have been conducted at monitoring wells and some
production wells in most groundwater basins, the number of
pumping tests and obtained aquifer parameters are still inad-
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Figure 3 Isopach maps of BK, PO, NL and NB aquifers
equate to evaluate regional aquifer characteristics in most
instances. Further, even if precise pumping tests with sev-
eral observation wells are conducted, the obtained aquifer
parameters still have wide ranges of variation, and the reli-
ability of the parameters are limited (Research Group for
Water Balance, 1976). In practice it is not easy to carry out
many accurate pumping tests, due to economic constraints.
In the Bangkok Groundwater Basin, detailed pumping
tests were carried out at 18 monitoring wells drilled in the
three monitoring stations constructed by JICA (1995). Trans-
missivity and storage coefficient values of each aquifer unit
were obtained by a series of pumping tests, consisting of step-
drawdown test, continuous pumping test, and recovery test.
However, it is very difficult to estimate parameter distribu-
tion in the entire Bangkok Groundwater Basin from the lim-
ited data. Further, it is still difficult to assign reliable param-
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pute groundwater levels, that do not exist in the actual fields.
Understanding the physical meanings of geohydrologic
parameters will also help to understand the possible range of
the parameter's variation. This knowledge is crucial for the
model calibration, as the simulated piezometric head may look
like the actual head, even though the input parameter takes a
strange value which does not exist in the actual field. There-
fore, in model evaluation, it is necessary not only to check
the simulation results but also to check the input parameters.
In addition, understanding the physical meaning of pa-
rameters will also help to have ideas about their sensitivities
to the simulation results. It is also important, for that pur-
pose, to be experienced in obtaining geohydrologic param-
eters from field tests, such as pumping tests.
a) Transmissivity
Transmissivity is one of the most important parameters
in groundwater hydrology. The parameter is closely related
to geologic conditions. As Theis (1935) pointed out, trans-
missivity describes the ability of the aquifer to transmit wa-
ter, being defined as the flow in volume per unit time through
an aquifer section of unit width under a unit hydraulic gradi-
ent. Therefore, transmissivity values are used as essential
data for analyzing both local and regional groundwater flow.
From the definition, transmissivity is expressed as:
where Tis transmissivity [UT-I], b is thickness of aquifer
[L], and k is hydraulic conductivity [LT-I). From this simple
equation, it can be understood that if the thickness of aquifer
b is obtained from the result of hydrogeological investiga-
tions, the required value is only k to obtain T. In other words,
if it can be assumed that the material of an aquifer consists of
homogeneous sand having uniform k, T can be computed by
obtaining b from hydrogeological investigations.
b) Storage coefficient
A storage coefficient (or storativity) is defined as the vol-
ume of water that an aquifer releases from or takes into stor-
age per unit surface area of aquifer per unit change in the
component of head normal to that surface (Todd, 1980). The
coefficient is a dimensionless quantity involving a volume of
water per volume of aquifer. For unconfined aquifers, the
storage coefficient is simply expressed by the product of the
volume of aquifer lying between the water table at the begin-
ning and at the end of a period of time and the average spe-
cific yield of the formation. In other words, the storage coef-
ficient for an unconfined aquifer corresponds to its specific
yield.
However, in confined aquifers, assuming the aquifer re-
mains saturated, changes in pressure produce only small
changes in storage volume. The storage coefficient normally
varies directly with aquifer thickness:
eters to each model cell from existing pumping test results,
because the number of existing pumping tests is inadequate
for covering the groundwater basin. However, as mentioned
in Chapter 2, the three-dimensional simulation model requires
input parameters at every 2 km x 2 km cell for each aquifer
unit.
Further, the created model must be calibrated by means
of comparing simulated groundwater heads with actual
groundwater heads for a certain period in order to check the
validity of the model. If the model cannot simulate the his-
torical groundwater flow, the model cannot be used for fu-
ture simulation. Thus, the calibration of simulation models
is very important work in groundwater-modeling studies. It
is very common that the model calibration is carried out by
changing and/or modifying input parameter values and bound-
ary conditions, on a trial and error basis. However, it gener-
ally takes a very long time to calibrate the model because
there are several uncertain parameters. For calibrating three-
dimensional models, especially, changing one parameter at a
cell affects groundwater levels, both horizontally and verti-
cally, in neighboring cells.
It is logically obvious that if the number of uncertain pa-
rameters is small, the number of calibration trials also de-
creases. It is also important for model calibration to under-
stand the physical meanings of each parameter and the range
of each parameter variation by aquifer unit. The author ex-
pected that if the geohydrologic parameters were
hydrogeologically estimated, and at least the values of trans-
missivity, which is the most sensitive parameter to control
groundwater flow, were almost identified, identification of
other uncertain parameters would not be difficult.
Therefore, the author decided to develop a new method-
ology for estimating parameter distributions in the modeled
domain. Fortunately, JICA (1995) made available the Ground-
water Database having more than 13,000 existing well records.
About half of the well records have lithologic logs and well-
production test's data. Although the accuracy of existing well
data may be poorer than those of the monitoring-wells' data,
the author expected that the regional aquifer characteristics
could be figured by aquifer unit.
4.2. Geologic controls of geohydrologic parameters
1) Physical meanings of geohydrologic parameters
It is very important for groundwater model users to un-
derstand the physical meanings of geohydrologic parameters
before starting simulation works. Because, unless the user
understands the physical meanings of the parameters, fatal
error may occur during the simulation without the user's rec-
ognition. For instance in a particular case, some simulation
programs accept even negative values of hydraulic conduc-
tivity or negative values of aquifer thickness; they then com-
T= b·k (8)
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where s is drawdown in the well [L], Q is pumping rate
[UT-I], and W(u, riB) is the well function for leaky confined
aquifers developed by Hantush and Jacob (1955). The quan-
tities of u and riB are given by:
where k' is the vertical hydraulic conductivity of the aquitard
[LT-I] and b' is the thickness of the aquitard [L]. Based on
the leakage theory by Hantush (1960), k'/b' is a constant
named as leakance, which controls the velocity of leakage
as:
where Qc is leakage [UT-Ij, Ac is leakage area [Ul, His
groundwater level in the unconfined aquifer [L], and h is pi-
ezometric head in the confined aquifer [L].
The leakance value can be obtained if k' is known and b'
is obtained from hydrogeological investigations.
4.3. Estimate T and k from T-Sc relation
The parameter of transmissivity is the most important
parameter for the groundwater models, including
MODFLOW. Generally, transmissivity values are obtained
from pumping tests. In the Bangkok Metropolitan area, pump-
ing-test records of existing wells were collected and detailed
pumping tests were performed at the 18 newly constructed
monitoring wells. However, the number of pumping tests
and obtained aquifer parameters are still inadequate to evalu-
ate regional aquifer characteristics. Therefore, the transmis-
sivity values by aquifer unit were estimated from the
hydrogeological information and specific capacity data of the
production wells, that were listed on the groundwater data-
base. The method of estimating transmissivity is as follows:
a) Classify production wells by aquifer unit using screen
depths.
b) Compute specific capacity value from production test.
c) Estimate apparent transmissivity from specific ca-
pacity, using well data.
d) Estimate hydraulic conductivity from apparent trans-
missivity and screen length.
e) Compute clay content of each aquifer unit.
£) Compute transmissivity of aquifer facies from esti-
mated hydraulic conductivity, clay content, and thick-
ness of the aquifer unit.
g) Compute hydraulic conductivity for MODFLOW in-
put by dividing transmissivity of aquifer facies by
thickness of the aquifer unit.
The production wells having screen length and produc-
2) Geologic controls
As mentioned in the above section, transmissivity, stor-
age coefficient, and leakance are related to the thickness of
the aquifer unit. For a confined aquifer, if it is assumed that
the materials have a constant hydraulic conductivity and a
specific storage, both transmissivity and storage coefficient
increase with the thickness of aquifer. On the other hand, if a
vertical hydraulic conductivity of an aquitard is constant, the
value of leakance decreases with increasing the thickness of
the aquitard. Thus, the geohydrologic parameters are con-
trolled by the thickness of the aquifer units.
The values of hydraulic conductivity and specific stor-
age are also controlled by geologic factors. For instance, rep-
resentative values of hydraulic conductivity are summarized
by geologic facies (Morris and Johnson, 1967). The values
of coefficient of volume compressibility are also reflected by
geologic materials, as shown by Domenico and Mifflin (1965).
Further, it is known that the values of volume compressibil-
ity changes over time due to the process of consolidation.
Therefore, it is important to know the geologic history of
clayey beds since the beds were deposited.
(9)
( 14)
(13)
(10)
(12)
(II)
r
JT/(k'/b')
Ss = mu'rw
S = b·Ss
Qc = ~(H-h)
Ac b'
r
B
where S is storage coefficient, b is thickness of aquifer [L],
and Ss is specific storage [L-']. From this simple equation
(9), it can be understood that if the thickness of aquifer b is
obtained from the result of hydrogeological investigations,
the required value is only Ss to obtain S. The values of Ss can
be estimated from the material of the aquifer (Domenico and
Mifflin, 1965). From the consolidation theory (Terzaghi and
Peck, 1967), the relationship between specific storage and
volume compressibility is expressed as:
where m v is volume compressibility [UM-I] and Yw is unit
mass of water [ML-3]. Equation (10) indicates that if a value
of m v is obtained from the consolidation test, Ss can subse-
quently be obtained; then storage coefficient of the layer is
estimated using equation (9) if the thickness of the layer is
known.
c) Leakance
The drawdown in a leaky confined aquifer under un-
steady-state conditions is given by:
and
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Figure 4 Distribution of specific capacity in BK, PO, NL and NB aquifers
tion test data were used to compute specific capacity. The
tapped aquifer of each well was identified by the bottom depth
maps, Then, distribution of specific capacity values byaqui-
fer with a logarithmic average and a range of the standard
deviations was statistically investigated, Figure 4 shows the
distribution of specific capacity in aquifers of BK, PO, NL
and NB, respectively, Transmissivity values of the produc-
tion wells were estimated by the following three methods,
examined by Shibasaki (1996):
- Unsteady-state estimation method
- Steady-state estimation method
- Estimation method by Logan (1964)
1) Estimate T by unsteady-state method
If the well has the data of discharge, drawdown, pump-
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ing time, and well radius, the specific capacity is given by
the approximate nonequilibrium equation without well loss
in confined aquifers, presented by Cooper and Jacob (1946),
that is:
Sc = R = 4rcT
s 2.3010g(2.25Tt/r2S) (15)
tion for computing the radius of influence as:
(19)
where, 5 (m) is drawdown in a well having well radius r
(m). Substituting Equation(l9) in Equation (18), T can be
determined by:
(16)
where r is the well radius. Thus, Sc can be expressed as:
By solving Equation (21) with some numerical methods,
T val ues can be obtained.
3) Estimate T by Logan's method
If the well has only the value of specific capacity, the
following equation, presented by Logan (1964), was used to
estimate transmissivity:
(20)
(21)
(22)T = l.22Sc
0.366Q log(2sff";r)T = ----=----=-'---.:.-'-----:.....:...~
S
0.183Q log(4 Ts 2/r Z)
S
Logan (1964) used equation (17) to estimate transmis-
sivity. He found that if a value for the quantity log(r2/rl) in a
given area is obtained, equation (I 8) is solvable from the re-
sults of routine production tests. He empirically employed a
"typical" value of 3.32 for the log(r2/rl), then substituted the
value for the log-ratio in equation (18).
4) Estimate k from apparent transmissivity and screen
length
The estimated transmissivity by the above methods can
be called "apparent transmissivity", because the estimated
transmissivity describes the ability of the perforated portion
of the aquifer to transmit water. After obtaining the apparent
transmissivity of the well by the said methods, the hydraulic
conductivity k value was estimated, based on the definition
of transmissivity given by:
where, Sc is specific capacity (m2/d), Q is well discharge
(m3/d),5 is drawdown (m), T is transmissivity (m2/d), t is
pumping duration (day), r is well radius (m), and S is storage
coefficient (dimensionless).
From equation (IS), the theoretical specific capacity is
directly proportional to T and inversely proportional to logt,
log(1/r2), and log(l/S). If it is assumed that t is 1 day and r is
O. I m, the relation between specific capacity, transmissivity,
and storage coefficient can be plotted; this is similar to the
graph presented by Theis et al. (1963). It is indicated that
large changes in S cause comparatively small changes in spe-
cific capacity (Domenico and Schwartz, 1990). In addition,
although the values of storage coefficient obtained from pump-
ing tests generally have a wide range of variation, Walton
(1970) suggested the range of S values in confined aquifers
varies between I.OE-5 and I.OE-3 for all soils, and the range
of S values varies between 5.0E-5 and 1.0E-2 in productive
aquifers. Therefore, for confined aquifers, if the initial value
of storage coefficient can be assumed to be 1.OE-3, then, T
can be obtained by solving Equation (15) numerically.
2) Estimate T by steady-state method
The steady-state estimation was used for the wells not
having pumping time. The equilibrium equation for confined
aquifers developed by Thiem (1906) is written as:
T = Q In(rz/r1)
2rc(SI-S2)
where, 51 (m) and 52 (m) are drawdowns of piezometric
level at distances rl (m) and r2 (m), respectively. Changing
from natural to common log base and reducing constants,
equation (16) can be written as:
There are some empirical equations using hydraulic con-
ductivity or transmissivity to obtain radius of influence.
Klimentov and Pykhachev (1961) gave an empirical equa-
When rl moves to the well and r2 moves outward along
the cone of depression to a point at which the pumping influ-
ence is not measurable, the (51-52) becomes the drawdown at
the well, 5 :
where, b is the screen length and Ta is apparent transmissiv-
ity. The distribution of estimated hydraulic conductivity was
statistically analyzed by aquifer, then the estimated hydrau-
lic conductivity map for each aquifer unit was prepared, as
shown in Figure 5.
5) Compute clay content of each aquifer unit
The clay content maps of BK aquifer to NL aquifer were
prepared using the lithologic logs of the DMR monitoring
wells and some production wells. The clay content was com-
puted by:
T = 0.366Q log(rz!r,)
(SI- S2)
T = 0.366Q log(rz!r1)
S
(17)
( 18)
k = 1;,/b (23)
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Figure 5 Estimated hydraulic conductivity of BK, PO, NL and NB aquifers
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Figure 6 Clay content of BK, PD, NL and NB aquifers
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Figure 7 Estimated transmissivity of BK, PO, NL and NB aquifers
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(Clay content) =
(total thickness of clay beds in aquifer unit)
(thickness of the aquifer unit)
X 100(%) (24)
If the layer is a sandy clay, a value of 0.7 was multiplied
to the thickness. Similarly, a value of 0.3 was used to multi-
ply the thickness when the layer is clayey sand. The clay
content maps of NB to TB aquifers were prepared based on
the lithologic logs of production wells, because the DMR
monitoring wells do not fully penetrate the NB aquifer. Thus,
the clay content maps of BK to TB aquifers were prepared.
Figure 6 show the clay content of BK, PO, NL and NB aqui-
fers.
6) Compute T of aquifer facies from k, clay content, and
aquifer unit thickness
The total thickness of an aquifer facies, such as sand and
gravel for each aquifer unit, was then computed as follows:
(Thickness of aquifer facies)
={IOO-[c1ay content] (%)} X (isopach)/IOO (25)
Then the transmissivity of the whole aquifer facies was
computed for each cell by:
(Transmissivity of aquifer facies)
= (thickness of aquifer facies) X k (26)
The transmissivity of clay beds can be neglected due to
the small values of hydraulic conductivity, meaning that the
estimated transmissivity of aquifer facies can represent the
transmissivity of the aquifer unit. Finally, the estimated trans-
missivity maps of BK to PN aquifers were prepared and the
grid values were interpolated. Figure 7 shows the estimated
transmissivity of BK, PO, NL and NB aquifers. For PN aqui-
fer, although the bottom depth is not confirmed from the field
data, the elevation up to -600 m was taken into account. For
MODFLOW input, the estimated transmissivity values were
converted to hydraulic conductivity values by dividing the
transmissivity by the layer thickness.
It is noted that the distribution pattern of estimated trans-
missivity of each aquifer unit is different from the pattern of
specific capacity distribution. This means that the estimated
transmissivity values by this method reflect well the actual
hydrogeological conditions. In other words, the simple esti-
mation method used by Shibasaki (1989), which is based on
Logan's method to estimate transmissivity from specific ca-
pacity only by multiplying specific capacity values by 1.22,
could not estimate transmissivity satisfactorily.
4.4. Evaluation of estimation
It is crucial for the three-dimensional model to input reli-
able aquifer parameters and to specify reasonable boundary
conditions for each aquifer unit, based on the integrated
hydrogeological studies. Unless the input data and the speci-
fied boundary conditions are reliable, the obtained computed
results become unreliable and the model cannot be used for
future prediction.
Calibration of the simulation model should be carefully
done. Particularly for the three-dimensional model, it is not
easy to identify even one parameter at a cell, because when
the parameter value of the cell is modified, it will affect the
piezometric heads of not only horizontally surrounding cells
but vertically surrounding cells. It is also necessary to con-
sider the pumpage distribution of each aquifer unit near the
cell, as well as the possible range of each parameter's varia-
tion.
The three-dimensional groundwater flow model applied
to the Bangkok area was reasonably identified without modi-
fying the initial inputs of top and bottom elevation, transmis-
sivity and specific storage. This means that if such important
parameters were carefully estimated and input to the model,
calibration work could concentrate on the limited unreliable
parameters and the number of calibrating computations could
be reduced.
The vertical two-dimensional models for land subsidence
and saline water intrusion were also made, based on the said
hydrogeological analyses and the estimated parameters. For
the vertical two-dimensional models, hydraulic conductivity
and specific storage were given not only by aquifer unit but
also by facies. The results of model identification show that
the computed piezometric heads were able to match the ac-
tual values without significant modification of the said pa-
rameters.
The calibration of land-subsidence models using the com-
puted piezometric heads from the reasonably identified
groundwater flow models was easy. The thickness of clayey
beds and volume compressibility were given to the models,
based on the said methodology. The historical land subsid-
ence was satisfactorily simulated by the models.
These identified models were used to predict future
groundwater flow and land subsidence. The results of future
simulation, namely, rate of land subsidence and groundwater
level changes for the prediction period, were used to deter-
mine a tentative permissible yield, to establish new critical
zones for pumpage regulation, and to set up an optimal
groundwater-basin management plan.
5. Discussions
5.1. Role of parameter estimation
The accuracy and reliability of groundwater modeling
studies rely on how to input reliable parameters. The increase
of accuracy and reliability of the modeling studies ultimately
contributes better groundwater basin management.
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In developing countries, parameter estimation is needed
from different points of view. One of them is that the accu-
racy of field data is limited, mainly due to the technical con-
straints. The other point is that the number of field data are
inadequate, mainly due to the economic constraints. How-
ever, the necessity of taking urgent measures against various
severe groundwater problems increases day by day, and
groundwater modeling studies need to be carried out in order
to find optimal ways of solving the problems.
It should be noted that the cost of parameter estimation is
also an important factor for the developing countries. Be-
cause whatever the methodologies are developed to obtain
better parameters developed, if the cost is not feasible for the
country, the methods cannot be employed.
5.2. Comparison of practical parameter estimation with
theoretical estimation
The basic idea of the theoretical approaches is to esti-
mate parameter distribution using limited existing field data
by means of mathematical methods or statistical methods. In
recent years, the term 'geostatistics' is widely applied to a
special branch of applied statistics originally developed in
France (Davis, 1986). One of the most famous estimation
methods is called the Kriging method, named after D. G.
Krige, a South African mining engineer and pioneer in the
application of statistical techniques for mine evaluation. The
history and origins of the Kriging method have been well
researched by Cressie (1990).
However, even if the method of Kriging is developed,
the method has a limitation; the actual field data do not in-
crease. Moreover, when a geostatistical method, such as the
Kriging method, estimates parameters from field data, the
used field data are assumed to be 100 percent reliable. In
practice, however, it is known that even if accurate pumping
tests are carefully performed, the obtained parameters, such
as transmissivity and storage coefficient, have a wide range
of variation (Shibasaki, et a!., 1967). Therefore, the author
employed the practical approach for parameter estimation.
It is noted that the theoretical methodology, like the
Kriging method, is useful for practical parameter estimation.
For instance, grid interpolation by the Kriging method can be
used to draw hydrogeological structural maps. The author
emphasizes that the theoretical approaches can be utilized
for the practical parameter estimation, but the user should
understand the limitations of the approaches and try to col-
lect as much actual field data as possible.
5.3. Data for practical parameter estimation
There are, broadly, two practical approaches for geohy-
drologic parameter estimation : one is to understand
hydrogeologic structures as much as possible; the other is to
grasp the regional variation of parameters, such as hydraulic
conductivity. The hydrogeologic structures are revealed by
various investigations, such as core boring, core sample analy-
sis, interpretation of existing borehole data, geophysical ex-
ploration and geophysicalloggings, based on the geological
studies. The parameters directly express the physical or me-
chanical properties that can be obtained from practical meth-
ods, such as in situ tests, laboratory tests, monitoring records
and well records.
1) In situ tests
The in situ tests include the pumping test, well produc-
tion test, and in situ permeability test. For groundwater in-
vestigation, the pumping test is commonly used to obtain
hydrogeologic parameters such as transmissivity and storage
coefficient. Usually, the pumping test consists of three kinds
of tests; namely step drawdown test, continuous pumping test,
and recovery test. The step drawdown test is conducted to
evaluate well loss, as well as to decide optimal pumping rate
for the continuous pumping test. In the continuous pumping
test, the pumping rate is kept at a constant amount through-
out the test duration; this is usually more than 48 hours. The
recovery test is carried out immediately after the continuous
pumping test. The duration of the recovery test is usually 12
hours. The result of a continuous pumping test is generally
analyzed by the Theis method (Theis, 1935) or the Cooper-
Jacob method (Cooper and Jacob, 1946) to obtain transmis-
sivity and storage coefficient. From the recovery test, only
transmissivity is obtained using the Cooper-Jacob method.
For a leaky aquifer, the Hantush-Jacob method (Hantush and
Jacob, 1955) is used to interpret the continuous pumping test's
data to obtain transmissivity, storage coefficient, and leakance.
The well production test is rather simple compared to the
pumping test. The production test is usually conducted after
the completion of well development work to evaluate well
productivity. In the test, the drawdown in a well is measured
after several hours of pumping. From the well production
test, a value of specific capacity, which is defined by (pump-
ing rate) / (drawdown), is obtained. Shibasaki (1996) exam-
ined the detailed relationship between transmissivity and spe-
cific capacity, considering well loss, partial penetration, and
leakage.
The in situ permeability test is conducted in a borehole.
The test is divided into two methods; constant-head method
and variable-head method. In the constant-head method, an
amount of input water is measured to maintain the water level
in a borehole constant. In the variable-head method, changes
in water level are measured after pumping from or injecting
to the borehole. From the in situ permeability test, hydraulic
conductivity can be obtained.
2) Laboratory tests
Laboratory soil tests are generally conducted to deter-
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mine the physical and mechanical properties of a soil. The
physical property tests include water-content test, specific-
gravity test, grain-size test, Atterberg-limits test, unit-weight
test and laboratory-permeability test. From the grain-size test,
hydraulic conductivity of sandy soil can be estimated using
some empirical equations. From the laboratory penneability
test, the hydraulic conductivity of core samples can be ob-
tained using the constant-head method or the variable-head
method.
The mechanical property tests include the unconfined
compression test and the consolidation test. From the con-
solidation test, the hydraulic conductivity of clayey samples
can be obtained at every consolidation pressure.
3) Monitoring records
From the records of groundwater and land subsidence
monitoring wells, the relationship between piezometric level's
change and movement of ground can be grasped. Based on
the relation, apparent volume compressibility of the layers
from the ground surface and the bottom of the monitoring
well can be obtained graphically (Research Group for Water
Balance, 1976).
4) Well records
Nowadays, groundwater database systems, including well
records, are going to be prepared in some places in the devel-
oping countries. Some of the well records have results of
pumping tests or well-production tests. From the record of
pumping tests, transmissivity and storage coefficient can be
obtained. From the record of production tests, specific ca-
pacity is directly obtained and transmissivity is estimated from
specific capacity using the several methods examined by
Shi basaki (1996).
5.4. Importance of hydrogeological classification
The data for the practical parameter estimation should be
arranged by aquifer unit. This is very crucial, because if the
hydrogeological classification is not reliable, the subsequent
data processing for the estimation is no longer valid. For
example, if the hydrogeological classification is incorrect, the
essential data for the practical estimation such as thickness
of an aquifer unit and its clay content are affected. The iden-
tification of a tapped aquifer for each monitoring well or pro-
duction well is also not correct. Subsequently, the specific
capacity data of production wells are misarranged, then the
estimated transmissivity does not have reliability.
It is needless to say that the hydrogeological classifica-
tion should be done based on the geological classification.
To establish the subsurface stratigraphy, integrated geologi-
cal investigations using core samples are required. Detailed
observation of core samples, results of core sample analyses,
and results of geophysical logging at selected sites will con-
tribute to establish basic subsurface stratigraphy. If there is
no such detailed information on the subsurface geology, it is
very difficult to correlate existing well columnar sections.
Therefore, it is strongly emphasized that detailed geological
and hydrogeological investigations should be carried out to
establish subsurface stratigraphy so as to make reliable
hydrogeological classifications in a target groundwater ba-
sin.
5.5. Contribution of practical parameter estimation for
groundwater-basin management
The natural and present conditions of a groundwater ba-
sin should be understood for both groundwater development
and the groundwater-management purposes. The character-
istics of each aquifer unit in a groundwater basin should prop-
erly be evaluated, based on the studies of hydrogeology. The
properties of each aquifer unit can be expressed as several
geohydrologic parameters, such as specific capacity, trans-
missivity, hydraulic conductivity, storage coefficient, and
leakance. Among the parameters, transmissivity is the most
important parameter for controlling groundwater flows.
If a transmissivity map of an aquifer unit is prepared, the
regional difference of the aquifer productivity can be easily
understood. This would be very helpful to select suitable
groundwater development sites or to evaluate existing well
fields. It is also lIseful that the parameter's range of variation
can be statistically analyzed during the process of the practi-
cal parameter estimation. The practical parameter-estima-
tion method developed in this study will give such basic in-
formation for groundwater-basin management even without
conducting new pumping tests. Then the results of practical-
parameter estimation can be used as input data of groundwa-
ter-simulation models. Therefore, it can be said that the prac-
tical-parameter estimation enables the investigation to carry
out groundwater simulation, which is the most important de-
cision-making tool for groundwater-basin management.
5.6. Merits of practical parameter estimation
Generally, the values of transmissivity and storage coef-
ficient are detennined by pumping tests. Although pumping
tests have been conducted at monitoring wells and some pro-
duction wells in most groundwater basins, the number of
pumping tests and the obtained aquifer parameters are, in most
cases, still inadequate to evaluate regional aquifer character-
istics. Further, even if precise pumping tests with several
observation wells are conducted, the obtained aquifer param-
eters still have wide ranges of variation, and the reliability of
the parameters are limited (Research Group for Water Bal-
ance, 1976).
In practice it is not easy to carry out many accurate pump-
ing tests, due to technical and socio-economical constraints
in the developing countries. It is also difficult to prepare the
40 Study on Methodology of Practical Parameter Estimation
necessary budgets to carry out satisfactory investigations,
when compared with the developed countries. Therefore, a
cost-effective methodology of accurate parameter estimation
is necessary for the developing countries.
There are several methods to estimate geohydrologic pa-
rameters. However, the problem is that even if an intensive
investigation is carried out in a particular area, the regional
characteristics of parameter distri bution cannot be understood.
It is also difficult to drill many new wells or boreholes to
obtain hydrogeologic information as well as geohydrologic
parameters, due to the said reasons.
The mathematical approach to estimate parameter distri-
bution from the limited data is not perfect. Because the ap-
proach does not consider the actual hydrogeologic conditions,
it only estimates parameters mechanically. Another problem
of the mathematical approach is that the used data are as-
sumed to be 100 percent accurate, but this is not true in the
actual fields.
The basic idea of the practical-parameter estimation is to
utilize field data related to groundwater as much as possible,
and to analyze data based on the knowledge of hydrogeology.
Therefore, integrated knowledge and experience of geology,
hydrogeology, soil mechanics, and other disciplines are re-
quired to carry out the practical estimation.
The effectiveness of the practical estimation is to esti-
mate parameter distribution in a wider area using various kind
of tests carried out at different locations. The method is cost-
effective compared with drilling many test wells and bore-
holes, because the method mainly uses existing data.
5.7. Suggestions for better practical parameter estimation
1) Utilization of groundwater database
In recent years, groundwater database systems are pre-
pared in some parts of the developing countries with devel-
oping computer technology. High-capacity computer systems
can be easily installed, even in rural areas, at small cost. The
establishment of a groundwater database helps carry out the
practical parameter estimation, as shown in the Bangkok case.
To establish a useful groundwater database, the purpose
of the database should be clarified. From the viewpoint of
practical parameter estimation, the groundwater database
should have items of exact well location, ground elevation,
well structure, lithologic information, geophysical logs, pump-
ing test or production test, and groundwater level. For
pumpage estimation, the database should include items of date
of construction, purpose of use, pumping record, record of
flow meter, pumping duration, and pump capacity. The items
related to groundwater quality are also useful for
hydrogeologic interpretations.
It is recommended that the format of a groundwater data-
base system should be well organized, considering the qual-
ity and quantity of existing data. Because once the format is
established, it is difficul t to rearrange the database. It is also
necessary to have some countercheck methods in the data-
base to avoid erroneous data. The maintenance and renewal
of the database system should also be taken into account.
2) Establishment of monitoring system
A groundwater-monitoring system is essential for ground-
water-basin management and groundwater modeling. With-
out monitored data, groundwater models cannot be calibrated.
Therefore, a well-organized monitoring system should be
established at an early stage of the hydrogeological investi-
gation. When there is an existing monitoring system, the qual-
ity and quantity of monitored data and the monitoring system
itself should be examined, prior to use for model calibration.
If an area has some monitoring system, the evaluation of
the existing monitoring system can be done during the mod-
eling works. Based on the results of the groundwater simula-
tion, necessary locations and necessary monitoring items can
be identified.
6. Conclusions
The conclusions of this study are as follows:
1) Present groundwater models require transmissivity and
storage coefficient as essential input data. Even compli-
cated groundwater models, such as three-dimensional flow
models, land-subsidence models, and solute-transport
models, also need those parameters to compute ground-
water flow. To increase the reliability of model results, it
is definitely needed to input reliable parameter values and
to assign boundary conditions.
2) Considering the physical meanings of transmissivity, stor-
age coefficient and leakance, it is understood that those
parameters are geologically controlled. If the thickness
of aquifer and characteristics of aquifer facies are obtained,
based on the hydrogeological analysis, those parameters
can be estimated practically, using available actual data.
3) Transmissivity can be estimated from the results of well-
production tests. Based on the relationship between trans-
missivity and specific capacity (Shibasaki, 1996), the ap-
parent transmissivity values of the screen portion of a well
can be obtained. From the apparent transmissivity and
the length of the screen, hydraulic conductivity of aquifer
facies is computed. Although the isopach of an aquifer
unit and the total thickness of the aquifer unit can be ob-
tained from hydrogeological analyses, the transmissivity
of the aquifer unit can be estimated by multiplying the
estimated hydraulic conductivity by the thickness of aqui-
fer facies.
4) Storage coefficients of confined aquifers can be expressed
as the thickness of aquifer multiplying specific storage.
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The specific storage values of aquifer facies can be ob-
tained from Domenico and Mifflin (1965). For clayey
layers, the specific storage values can be computed from
the coefficient of volume compressibility obtained from
the soil consolidation tests. The total thickness of aquifer
facies and clayey layers is obtained by hydrogeological
analyses.
5) Leakance is obtained from the vertical hydraulic conduc-
tivity and the thickness of aquiclude. The vertical hy-
draulic conductivity can be obtained from the results of
the consolidation test. The thickness of an aquiclude is
obtained from the isopach map and the clay content of
the aquifer unit.
6) The practical parameter estimation method proposed by
the study was applied to the groundwater flow and land-
subsidence models of the Bangkok Groundwater Basin.
The detailed and integrated hydrogeological investiga-
tions, including core boring and core sample analyses at
three sites, helped to confirm the subsurface
hydrostratigraphy. Then the confirmed hydrogeological
classification was expanded to the entire Bangkok Ground-
water Basin by use of existing reliable lithologic data and
geophysical logs recorded at existing monitoring wells
and some production wells. This detailed hydrogeological
classification greatly contributed to the preparation of the
top and bottom elevation maps and the isopach map of
each aquifer unit.
7) The estimated parameters using the method of practical-
parameter estimation in the Bangkok Groundwater Ba-
sin, reflected the actual hydrogeological conditions of each
aquifer unit. The study revealed that each aquifer unit
has different distribution patterns of thickness and clay
content. Due to this irregularity, the patterns of estimated
transmissivity distributions are different from the patterns
of specific capacity distributions.
8) The effectiveness of the practical-parameter estimation
method was confirmed by the comparison of computed
piezometric heads and computed land subsidence values
with the actual heads and actual land-subsidence values.
The three-dimensional groundwater flow model applied
to the Bangkok area was reasonably identified without
modifying the initial inputs of top and bottom elevation,
transmissivity and specific storage. As a result, calibra-
tion work was concentrated on identifing the limited un-
reliable parameters; and the number of calibrating com-
putations was reduced.
9) The vertical two-dimensional models for land subsidence
and salt-water intrusion were also made, based on the
hydrogeological analyses. For the vertical two-dimen-
sional models, the estimated hydraulic conductivity and
specific storage were given not only by aquifer unit but
also by sediment facies. The results of model identifica-
tion showed that the computed piezometric heads were
able to match the actual values, without significant modi-
fication of the said parameters.
10) As a result of the study, the practical-parameter estima-
tion method can be applied to other areas, particularly
where urgent measures are needed to solve groundwater
problems. The method can be applied with cheaper cost,
but requires integrated knowledge on groundwater sci-
ence. The method will contribute not only to improving
the reliability of groundwater simulation studies but also
to understanding the characteristics of a groundwater ba-
sin. This will ultimately help in carrying out better ground-
water basin management.
II) From the experience of the Bangkok models, the roles of
the monitoring system and the groundwater database sys-
tem should be emphasized. The well-organized database
system, based on the hydrogeological classification,
greatly helped in estimating aquifer parameters.
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